Structural and Functional Insights into a Peptide Bond-Forming Bidomain from a Nonribosomal Peptide Synthetase  by Samel, Stefan A. et al.
Structure
ArticleStructural and Functional Insights
into a Peptide Bond-Forming Bidomain
from a Nonribosomal Peptide Synthetase
Stefan A. Samel,1,2 Georg Schoenafinger,1,2 Thomas A. Knappe,1 Mohamed A. Marahiel,1,*
and Lars-Oliver Essen1,*
1 Department of Chemistry/Biochemistry, Philipps-Universita¨t, Hans-Meerwein-Strasse, D-35032 Marburg, Germany
2 These authors contributed equally to this work.
*Correspondence: marahiel@chemie.uni-marburg.de (M.A.M.), essen@chemie.uni-marburg.de (L.-O.E.)
DOI 10.1016/j.str.2007.05.008SUMMARY
The crystal structure of the bidomain PCP-C
frommodules 5 and 6 of the nonribosomal tyro-
cidine synthetase TycCwas determined at 1.8 A˚
resolution. The bidomain structure reveals a
V-shaped condensation domain, the canyon-
like active site groove of which is associated
with the preceding peptidyl carrier protein
(PCP) domain at its donor side. The relative
arrangement of the PCP and the peptide
bond-forming condensation (C) domain places
the active sites 50 A˚ apart. Accordingly, this
PCP-C structure represents a conformational
state prior to peptide transfer from the donor-
PCP to the acceptor-PCP domain, implying
the existence of additional states of PCP-C do-
main interaction during catalysis. Additionally,
PCP-C exerts a mode of cyclization activity
that mimics peptide bond formation catalyzed
by C domains. Based on mutational data and
pK value analysis of active site residues, it is
suggested that nonribosomal peptide bond for-
mation depends on electrostatic interactions
rather than on general acid/base catalysis.
INTRODUCTION
Nonribosomal peptide synthetases (NRPSs) are very large
multidomain enzymes (0.15–1.5 MDa) that catalyze simple
chemical reactions in a repetitive, assembly line-like man-
ner to produce a broad variety of secondary peptidic
metabolites, including many antimicrobial agents and
siderophores (Walsh, 2004; Finking and Marahiel, 2004).
These synthetases can be described as a linear arrange-
ment of modules, which are responsible for the specific
incorporation and often modification of one building block
into the peptidic product (Sieber and Marahiel, 2005). As
the order of NRPS modules mostly reflects the sequence
of amino acids in the peptidic product (Figure 1), the
reprogramming of NRPS by reshuffling their constituentStructure 15modules and manipulation of their specificities offers
a promising route for the creation of novel bioactive com-
pounds (Nguyen et al., 2006; Stachelhaus et al., 1995).
At least three different domains are necessary to build
up an NRPS module that elongates peptide intermediates:
the adenylation (A) domain, the peptidyl carrier protein
(PCP) domain, and the condensation (C) domain. The A
domain (550 aa) is responsible for the recognition and
activation of the building block by adenylation, which in
turn is then covalently attached as a thioester to the pros-
thetic 40-phospho-pantetheine (Ppan) group of a subse-
quent PCP domain (80 aa). After loading of the PCP
domains of two neighboring modules with their cognate
substrates, the C domain (450 aa), located in between,
catalyzes the condensation (i.e., peptide bond formation)
between the two substrates. This condensation reaction
is strictly unidirectional, leading to a downstream-directed
synthesis of the NRPS product (Figure 1). As the NRPS ac-
tivity proceeds, the growing peptide chain is continuously
translocated toward the most C-terminal module in the
synthetase, where it is eventually cleaved off by hydroly-
sis, intramolecular cyclization, or reduction (Walsh, 2004).
Even though X-ray and NMR structures of isolated A
(Conti et al., 1997; May et al., 2002), PCP (Koglin et al.,
2006; Weber et al., 2000), and C (Keating et al., 2002)
domains have been solved, little is known about their inter-
actions. With the exception of the initiation module, each
PCP domain interacts within an NRPS not only with the
adenylation domain, but also with the preceding and fol-
lowing C domains, where it either accepts or donates
the growing peptide intermediate (Lai et al., 2006b).
NMR titration experiments revealed profound structural
plasticity of the PCP domain that changes its tertiary
structure dependent on the domain type with which it
needs to interact during different steps of NRPS action
(Koglin et al., 2006). Furthermore, the prosthetic Ppan
group merely spans 20 A˚, by far too little to simulta-
neously reach the upstream and downstream C domains.
Accordingly, not only the domains have to be located so
that their distance relative to each other is minimized, as
exemplified by the fatty acid synthases (Maier et al.,
2006; Jenni et al., 2006), but the PCP domain has to adapt
its structure such that the prosthetic Ppan group reaches
all the neighboring domains. As a consequence, any, 781–792, July 2007 ª2007 Elsevier Ltd All rights reserved 781
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Structural Analysis of a PCP-C Bidomain from NRPSexperimentally determined oligodomain structure might
represent a distinct state of NRPS interdomain communi-
cation during nonribosomal peptide synthesis.
The C domains share a highly conserved histidine motif
(HHxxxDG, core 3) (Marahiel et al., 1997), which is essen-
tial for condensation activity (Stachelhaus et al., 1998;
Bergendahl et al., 2002). One model suggests that the
second histidine of this motif acts as a general base cata-
lyst, restoring the nucleophilicity of the acceptor substrate
by deprotonation of its a-ammonium group prior to the
initial attack of the amino group onto the carboxyl group
of the donor substrate (Bergendahl et al., 2002).
In this work, the first X-ray structure of a PCP-C bido-
main is presented, which was excised from modules 5
and 6 of the tyrocidine synthetase TycC. Within the tyroci-
dine biosynthesis cluster and its three constituent NRPSs
(TycA, TycB, and TycC), this C domain catalyzes the elon-
gation of the nonapeptide DPhe-Pro-Phe-DPhe-Asn-Gln-
Tyr-Val-Orn by L-Leu to the linear precursor of tyrocidine A
Figure 1. Schematic Depiction of the Tyrocidine Biosynthesis
Cluster
Based on their function, the three distinct synthetases TycA-C (order of
catalysis: A-B-C) can be divided into modules and domains. Each of
the 10 modules specifically activates and incorporates 1 amino acid.
Notably, PCP domains interact with up to four different domains, as
exemplified by the TycB3 module, the PCP domain of which shuttles
reaction intermediates between the A domain, the upstream and
downstream C domain, and an epimerization domain.782 Structure 15, 781–792, July 2007 ª2007 Elsevier Ltd All rig(Figure 1). Although this reaction is not catalyzed in vitro by
the isolated PCP-C bidomain, it was found to mediate
peptide bond formation during the cyclization of synthetic
peptides.
RESULTS AND DISCUSSION
Peptide Cyclization Catalyzed by the TycC5-6 PCP-C
Bidomain
To investigate the substrate acceptance of internal C do-
mains, the recombinant PCP-C bidomain from modules 5
and 6 of the tyrocidine NRPS, TycC (Bacillus brevis, ATCC
8185), was produced in its apo-form (TycC5-6) (i.e., with-
out the Ppan modification at S43). The upstream PCP
domain was chemoenzymatically primed with various
acceptor substrates, as shown for P1-coenzyme A (CoA)
in Figure 2. For this chemoenzymatic reaction, the permis-
sive phospho-pantetheine transferase Sfp was used to
catalyze the transfer of synthetic peptidyl-Ppan arms
onto the PCP domain with the corresponding CoA sub-
strates (Belshaw et al., 1999).
Even though no elongated peptide product could be de-
tected after incubation with potential acceptor substrate
mimics, HPLC analysis of the priming reaction surprisingly
revealed the formation of the cyclic hexapeptide, cP1 (Fig-
ure 2), in 20-fold excess over the background reaction.
The head-to-tail connectivity of this product was delin-
eated by MS-MS spectrometry (Figure 3). The use of an
N-terminally acetylated variant of this hexapeptidyl-CoA
substrate caused no product release—neither of the
cyclic peptide, nor of the linear peptide released by hydro-
lysis of the PCP-bound thioester (data not shown). Fur-
thermore, the peptidyl-Ppan modification of the isolated
recombinant PCP domain of TycC5 alone led to no
increased cyclization ratio compared to the background
reaction.Figure 2. Biochemical Analysis of the TycC5-6 PCP-C Bidomain
(A) Schematic presentation of the cyclization assay performed. Apo-PCP-C is enzymatically primed with P1-CoA leading to the corresponding pep-
tidyl-holo form. The C domain then catalyzes the release of the head-to-tail cyclized variant of the hexapeptide (cP1).
(B) HPLC traces of cyclization assays with the wild-type enzyme (top) leads to the formation of cP1, whereas, in the H224A mutant, cyclization activity
appears to be abolished (bottom).hts reserved
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cyclization reaction, mutants of the HHxxxDG motif (Mar-
ahiel et al., 1997) in PCP-C were prepared by site-directed
mutagenesis. Since the second histidine of this motif had
been suggested to be essential for catalysis (Bergendahl
et al., 2002), it was mutated to HAxxxDG and HVxxxDG,
respectively. Under the same assay conditions, PCP-C
mutants in position 224 showed neither peptide cycliza-
tion nor thioester hydrolysis, even though an Sfp-depen-
dent consumption of substrate due to the priming of the
PCP domain could be monitored by LC-MS (Figure 2). In
contrast, the corresponding AHxxxDG mutant in which
the first histidine of the HHxxxDG motif (H223) was
replaced still displayed 28% of the wild-type activity.
The use of six other peptidyl-substrates (P2–P7; Table
1), the cyclization activity of PCP-C was further explored.
With lengths between 5 and 8 amino acids, the type and
the absolute configuration of the terminal amino acids
was altered in comparison to P1. The PCP-C bidomain
only cyclized substrates that contained D-configured N
termini (P1, P3, and P7). No hydrolysis product was
cleaved off the enzyme, except in the case of the octa-
peptidyl substrate, P6. The C-terminal L-Gln cannot be
exchanged to L-Ala in these reactions. Whenever a C
domain-dependent cyclization was observed, autocata-
lytic formation of the cyclic product occurred with relative
amounts of 5%–17%, as determined by peak integration
of UV/VIS-recorded chromatograms.
Overall, it is shown here that the TycC6 condensation
domain exhibits a novel in vitro cyclization activity on pep-
tides presented at its donor site. The primary sequence of
the substrate, P1, was derived from the first six amino
Figure 3. MS-MS Analysis of the Reaction Product
In the b-series, the deaminated fragment, b4EF-NH3 can be found with
a mass of 503.2299 Da. The presence of this species proves the cyclic
connectivity of the product, since there is no amide bond between Gln
and D-Phe in the absence of head-to-tail cyclization of the linear pep-
tide substrate.Structure 15,acids of the decapeptide tyrocidine. The condensation
domain tested, however, was from the 10th module
(TycC6) of the tyrocidine NRPS cluster, where it elongates
the nonapeptidyl substrate, DPhe-Pro-Phe-DPhe-Asn-
Gln-Tyr-Val-Orn, by addition of L-Leu to the scaffold’s C
terminus. Synthetic CoA substrates with a C-terminal
ornithine, however, lacked sufficient stability for in vitro
assays, presumably caused by formation of a six-mem-
bered lactam due to an attack of the ornithine d-amino
group onto the CoA thioester.
For intramolecular head-to-tail cyclization of P1, a prox-
imal arrangement of both termini must be sterically adop-
ted within the active site of the C domain so that intramo-
lecular peptide bond formation can proceed. Considering
the linear tyrocidine precursor, it is assumed that it tends
to prefold by intramolecular hydrogen bonds due to its
delicate primary sequence in the N-terminal part (Kuo
and Gibbons, 1980). The alteration of D- and L-configured
amino acids, as well as their hydrophobicity and steric
strain, are believed to be important for such a prearrange-
ment, which might also partially occur in the truncated
peptidyl substrates assayed here. Taking our current un-
derstanding of the selectivity of C domains (Bergendahl
et al., 2002; Belshaw et al., 1999; Clugston et al., 2003)
into account, one might hence suspect that the intramo-
lecular cyclization mimics the mode of intermolecular pep-
tide bond formation catalyzed by condensation domains
with their cognate substrates. One indication for this is
given by the observation that the mutants of the second
histidine in the HHxxxDG core motif (H224) showed no cy-
clization activity at all.
Overall Structure of the TycC5-6 PCP-C Bidomain
The structure of the excised PCP-C bidomain was solved
at 1.8 A˚ resolution by multiple anomalous diffraction
(MAD) experiments from crystals of SeMet-labeled pro-
tein. Mass-spectrometric analysis of the SeMet-labeled
TycC5-6 PCP-C bidomain showed that, as in the previous
case of EntB (Drake et al., 2006), the absence of iron in
the culture medium induced transfer of a Ppan group
onto S43 of the PCP domain (data not shown). This post-
translational modification initially prohibited growth of
SeMet-labeled crystals and is apparently caused by the
action of the endogenous phospho-pantetheinyl trans-
ferase, EntD, which is part of the Escherichia coli entero-
bactin biosynthesis cluster. Addition of 15 mM Fe(II) to
the SeMet-labeling medium abolished this modification
by suppressing the enterobactin biosynthesis cluster.
After refinement, each asymmetric unit of the PCP-C
bidomain crystals contains one polypeptide chain defined
from R3 to M455 and from Q461 to L522, 294 water mol-
ecules, and two sulfate ions and dioxane molecules,
which originate from the crystallization buffer. The PCP
domain of module 5 of TycC (residues M1–T82) measures
approximately 20 A˚ 3 24 A˚ 3 30 A˚, the C domain of
module 6 (residues V101-L522) ca. 65 A˚ 3 50 A˚ 3 40 A˚.
Both domains are connected via an 18-residue linker
(A83-P100) running along the PCP-C domain interface
(Figure 4A).781–792, July 2007 ª2007 Elsevier Ltd All rights reserved 783
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CoA Substrate
Cyclization
(Ratio)a Hydrolysis
P1 DPhe-Pro-Phe-DPhe-Asn-Gln ++ (20:1) 
P2 LPhe-Pro-Phe-DPhe-Asn-Gln  
P3 DAla-Pro-Phe-DPhe-Asn-Gln ++ (7:1) 
P4 LAla-Pro-Phe-DPhe-Asn-Gln  
P5 DPhe-Pro-Phe-DPhe-Asn-Ala  
P6 DPhe-Pro-Phe-DPhe-Ala-Ala-Asn-Gln  ++
P7 DPhe-Pro-Phe-Asn-Gln + (n.d.)b 
Hexapeptides with D-configured N termini and C-terminal glutamine are cyclized by PCP-C with ratios ranging from 7- to 20-fold in
comparison with background reactions. Hydrolysis was only observed when the octapeptidic substrate P6 was used.
a Minus signs indicate that no cyclization product was observed.
b n.d. indicates values not determined and refers to the ratio of cyclization to hydrolysis.The structure of the PCP domain closely corresponds to
the A/H state (Koglin et al., 2006). This state was found in
the PCP domain of the third module of TycC as an inter-
mediary conformational state that is present in both the
Ppan-modified (holo [H]) and unmodified (apo [A]) PCP do-
main (Koglin et al., 2006). A superposition with the A/H-like
state of the PCP domain of module 3 of TycC (Weber et al.,
2000) gives an rmsd of 1.67 A˚ for 56 Ca positions. In the
holo-form of PCP domains, the A/H state is in conforma-
tional equilibrium with the H state, which becomes in-
creasingly stabilized by interactions with other holo-
PCP-recognizing domains, like the editing thioesterase II
(Koglin et al., 2006). This H state diverges significantly
from the conformation of the TycC5 PCP domain, as
78 Ca positions superimpose with an rmsd of only 5.5 A˚,
mostly along helix aI and aIV with a displacement of
2.3 A˚ for 18 Ca positions. Accordingly, the PCP-C domain
interface observed in the crystal structure has to represent
a state, where adoption of the A/H state for the PCP do-
main is compatible for loading with an aminoacyl residue
by the preceding A domain.
The only as-yet-known structure of a C domain is VibH
from the vibriobactin synthesis cluster (Keating et al.,
2002), which recognizes in trans both the donor substrate,
PCP-bound 2,3-dihydroxy-benzoic acid, and the accep-
tor substrate, norspermidine. Like the isolated VibH do-
main, the TycC6 condensation domain consists of two
mainly separated and structurally similar subdomains,
an N-terminal (V101–S268) and a C-terminal subdomain
(A269–L522). Both subdomains are arranged in a V-
shaped fashion and belong to the chloramphenicol-ace-
tyltransferase (CAT) fold. There are only two major contact
sites between these two CAT-like subdomains, thus giving
rise to a large, canyon-like active site groove: one is mainly
made at the floor of the active site canyon and comprises
the loop, b8-b9 (T359–V374), with a short, internal 310 ele-
ment and the conserved arginine R361 that stabilizes the
loop conformation by H-bond interactions between its
side chain and the peptide carbonyls of L366, E367, and
I369. Besides a salt bridge between the side chains of784 Structure 15, 781–792, July 2007 ª2007 Elsevier Ltd All rigD365 and R252, most H-bond interactions between the
floor loop and the N-terminal subdomain are derived
from the main chain, as this loop is made up of mostly hy-
drophobic residues. The second region is strand b11 that
is donated from the C-terminal to the N-terminal subdo-
main, and thereby extends the four-stranded b sheet
(b1-b6-b5-b4) of the latter. This extension (N438–F465)
spans like a bridge over the active site canyon (Figures
4A and 7C), and appears to be rather flexible due to high
thermal B-factors as compared with the remaining con-
densation domain.
A superposition of the TycC6 C domain (residues 101–
522) with VibH (PDB code: 1L5A; pairwise sequence iden-
tity, 19%) shows structural similarity with an overall rmsd
of 1.58 A˚ for 197 Ca-carbons (Figure 4B). Due to the fact
that the arrangement of the two CAT-like subdomains is
off-rotated by 12, in the superposition only the C-terminal
CAT-like subdomains are fitted properly, whereas the ori-
entation of the N-terminal CAT-like subdomain of the
TycC6 C domain as a whole—compared with the corre-
sponding VibH N-terminal subdomain—is slightly dis-
torted. The hinge-like region, around which this swiveling
motion is centered, corresponds to S268 (VibH: S174) in
the short connection between helices a5 and a6. Accord-
ingly, structural comparisons of the corresponding subdo-
mains were performed (Figure 4C), yielding a lower rmsd
value of 1.35 A˚ for 149 Ca-carbons of the C-terminal
CAT-like subdomains and an increased value of 1.70 A˚
for 116 Ca-carbons of the N-terminal CAT-like subdo-
mains.
Two sulfate ions are located in the vicinity of the two do-
mains’ active site residues, S43 and H224, respectively
(Figure 4A). The sulfate ion next to the PCP domain forms
salt bridges to the conserved residues, H42 (Nd, 3.11 A˚)
and R45 (N3, 2.92 A˚; Nh, 2.89 A˚), and is additionally stabi-
lized by the dipole moment of helix aII, which points with
its N terminus onto this sulfate. Obviously, this sulfate an-
ion occupies the supposed position of the phosphate
group of the Ppan arm, if the latter is esterified to S43 of
the PCP domain. The sulfate ion in the C domain’s activehts reserved
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Structural Analysis of a PCP-C Bidomain from NRPSFigure 4. Overall Structure of PCP-C and Structural Comparison with VibH
(A) Overall structure of the TycC5-6 PCP-C bidomain. The PCP domain is colored green, the linker is red, and the C domain is gray. The catalytically
active residues, S43 and H224, and two sulfate ions bound to the active sites are shown.
(B) Comparison of the TycC6 condensation domain with VibH. The TycC6 C domain is rendered in rainbow ranging from blue (N terminus) to
red (C terminus). The structure of VibH is represented by a black ribbon. For clarity, every 50th residue has been labeled in Figures 4B and 4C.
(C) Illustration of the superposition of the N-terminal and C-terminal subdomains, respectively, viewed from the ‘‘inside’’ after intersection along the
gray plane shown in Figure 4B. Figures 4–7 were generated with PyMol 0.98 (DeLano Scientific) (DeLano, 2002).site forms a salt bridge to the catalytically active residue,
H224 (N32, 2.87 A˚), and an H bond to the amide nitrogen
of G229 (2.68 A˚).
A structure-based sequence alignment between the
VibH and TycC6 C domains and other NRPS C and epim-
erase domains (Figure 5A) indicates that, in the E domain,
there are several sites distributed all over the protein
where minor loop insertions and deletions occur. Accord-
ing to this alignment, there is no hint of an insertion unique
to epimerase domains that may block the acceptor side of
the substrate channel, as suggested previously (Keating
et al., 2002).
Interactions between the C Domain and its PCP
Donor Domain
There are several indications that the observed PCP-C
domain arrangement is not the peptide bond-forming con-
formational state, where the Ppan-bound nonapeptide is
passed from the donor side of the C domain’s active
site. First, the relative orientation of the PCP and C do-
mains (Figure 4A) places the catalytic residues, S43 and
H224, at a distance of 47 A˚ (Figure 5B), which is more
than the Ppan arm can span (20 A˚). Second, Lai et al.
(2006a) identified several residues of the EntB PCP do-
main from the enterobactin biosynthesis cluster that are
crucial for productive interaction with the downstream C
domain. Those residues of EntB, M249, F264, and A268,
correspond to M47, L63, and F67 of the TycC5 PCP do-
main. As these residues are proximal to the Ppan attach-
ment site, S43, they are far off-positioned from the surface
of the TycC6 condensation domain (Figure 6A).
Nevertheless, there are several well-defined interactions
found at the domains’ interface. Besides the connection
via the linker region PCP-C domain, interactions occur in
two separated clusters, thereby occluding 1089 A˚2 from
bulk solvent access. In the first cluster (Figure 6A), H bondsStructure 15,are formed between the side chains of Y6 and K397
(2.67 A˚) and between water molecule HOH88 and the
side chains of Q29 (3.19 A˚), Q394 (2.84 A˚), K397 (2.70 A˚),
and the peptide group preceding G328 (3.08 A˚), respec-
tively. Interactions in the second cluster are mainly made
by H bonds. Besides bridging water molecules, there are
also direct interactions of residues of the PCP domain
with those of the C domain. For instance, R16 forms H
bonds to both G405 (2.60 A˚) and D408 (2.83 A˚), and E56
forms salt bridges to H406 (3.00 A˚) and K273 (4.31 A˚). Inter-
actions of the linker comprise hydrophobic interactions
formed by F88 with the residues W261 and F265 of the C
domain. Furthermore, several residues of the linker are
involved in an intricate H-bond network with both, the
PCP and C domain (Figure 6B). Not only does N86 interact
with T82 (3.15 A˚) and the carboxylic group of I79 (3.18 A˚),
but its Od atom also forms an H bond with the amide nitro-
gen of F88 (2.91 A˚). Likewise, the side chain of D257 inter-
acts with the amide nitrogen of V93 (2.91 A˚), whereas the
indole amine function of W261 is H bonded to the amide
oxygen of I90.
Overall, it is possible that the domain arrangement ob-
served here represents the domains’ relative positions in
which the PCP domain interacts with either the preceding
A or C domain. For example, loading of the Ppan arm of
the PCP domain with a cognate amino acid by action of
the A domain may trigger an A/H/H transition of the
PCP conformation (Koglin et al., 2006; Lai et al., 2006b).
Such a transition would set the PCP domain free from
the observed PCP-C interface (Figure 6C) so that it can
interact with either the upstream C domain along its ac-
ceptor side or the downstream C domain at its donor
side. The 18-residue-long PCP-C linker is only partly in-
volved in PCP-C interactions and could obviously support
such domain rearrangements, as its final seven residues781–792, July 2007 ª2007 Elsevier Ltd All rights reserved 785
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Structural Analysis of a PCP-C Bidomain from NRPSFigure 5. Sequence Alignment and Residue Conservation in the PCP-C Bidomain
(A) Sequence alignment of TycC6 condensation domain with condensation domains from other NRPS-modules. The excerpt of the master sequence
alignment shows four condensation domains and one epimerase domain. The TycC6 sequence is compared to the condensation domains VibH from
the vibriobactin synthetase cluster of Vibrio cholerae (19% sequence identity; GenBank entry: AAD48879), the fourth C domain from gramicidin S
synthetase B from Brevibacillus brevis (64%; Genbank entry: CAA 43838), C domain from the enterobactin synthetase EntF from E. coli. (18%;786 Structure 15, 781–792, July 2007 ª2007 Elsevier Ltd All rights reserved
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Structural Analysis of a PCP-C Bidomain from NRPSFigure 6. Interdomain Interactions in the
PCP-C Bidomain
(A) Overview of the PCP domain and its interac-
tions with the C domain. The core motif com-
monly found in PCP domains is highlighted in
yellow, and the linker is displayed in red. Resi-
dues corresponding to those identified to be
crucial for interaction with the downstream C
domain by Lai et al., 2006a are colored blue.
(B) Detailed view of the 18 residue linker con-
necting the PCP and C domains and its interac-
tions with the PCP domain and the C domain.
(C) Superposition of the observed A/H state
and a modeled H state of the TycC5 PCP do-
main. As E56 is translocated by 28 A˚, at least
this residue would be no longer involved in
interactions with the downstream C domain.
(D) Tentative model of a catalytically compe-
tent PCP-C domain interaction. The TycC5
PCP domain is shown in the modeled H state
(blue, orientation as in Figure 6C; orange, ori-
entation compatible with a positioning of the
Ppan arm in the active site of the C domain).(Q94–P100) already lack defined interactions with the C or
PCP domain, and were found to be rather mobile in the
PCP-C structure, as judged by high B factors.
Given the high promiscuity of PCP domains for inter-
acting with other NRPS domains, such as the A domain,
upstream and downstream C domains (Figure 1), and, op-
tionally, cyclization or epimerization domains, it may also
be possible that, instead, the observed PCP-C domain in-
teraction is induced by crystal packing. Due to a lack of
conservation for residues on the surface of the C domain,
which could interact with the conserved surface patch
around S43 of the PCP domain, a model for a catalytically
competent PCP-C domain interaction would still be spec-
ulative. In any case, the PCP domain in either the A/H or H
state would have to reverse its orientation to locate
the Ppan arm, carrying residue S43 within a distance of
20 A˚ relative to the catalytic residue, H224 (Figure 6D).
This also implies that the linker region has to exert consid-
erable conformational flexibility to accommodate different
PCP-C domain arrangements.Structure 15The Active Site Canyon of the TycC6
Condensation Domain
The substrate channel is accommodated in a canyon
formed between the CAT-like subdomains. It is covered
by the bridging region, including b strand 11, which is
highly sequence divergent (Figure 5B), and is reminiscent
of the flexible lid regions lining the active site canyons of
the peptide-cyclizing thioesterase domains from NRPS
(Samel et al., 2006; Bruner et al., 2002). Interestingly,
a structural superposition of the carnitine acetyltransfer-
ase/CoA complex (PDB code: 1T7Q) (Hsiao et al., 2004)
onto the N-terminal CAT-like subdomain of the TycC6 C
domain places the pantetheine moiety in such a way
that the thiol group almost coincides with the location of
the sulfate ion within the active site (Figure 7A). This im-
plies that the thioester of a peptide from the donor PCP
domain would be closely positioned to the catalytically
active residue, H224, which points toward the active site
canyon. This residue is hydrogen bonded to the buffer-
derived sulfate ion (2.87 A˚), which could be interpretedGenbank entry: AAA92015), and the C-terminal epimerase domain from the fengycin synthetase A from Bacillus subtilis (25%; Genbank entry:
AAB80955). The numbering of the TycC6 C domain and its secondary structure elements are shown atop of each block. The core consensus
sequences of the C domain are indicated by gray boxes. The residues of the ‘‘floor loop’’ and the ‘‘bridging region’’ are highlighted by orange and
yellow boxes, respectively, whereas residues, which are conserved in at least the condensation domains, are highlighted blue.
(B) Mapping of sequence conservation (blue, conserved; red, variable) onto the structure of the PCP-C bidomain as viewed from the donor (left) and
acceptor side (right) of the C domain. The position of the crystallographically defined sulfate ion is shown for orientation., 781–792, July 2007 ª2007 Elsevier Ltd All rights reserved 787
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Structural Analysis of a PCP-C Bidomain from NRPSFigure 7. The Active Site of the TycC6 Condensation Domain
(A) Top view of the C domain’s substrate channel. A pantetheine cofactor from the structure of carnitine acetyltransferase (Hsiao et al., 2004) (PDB
code: 1T7Q, green) has been fitted into this electrostatic surface plot. The electrostatic surface representation of the TycC6 C domain was calculated
by APBS (Baker et al., 2001) (blue, +5 kT/e; red,5kT/e; ion concentration, 0.1 M). Interestingly, the terminal thiol group points toward the supposedly
catalytically active residue H224 from a distance of 4 A˚. Residue H223 forms hydrogen bonds with the side chains of S225 and D112. The bridging
residues (Q438–A463) are omitted from the surface representation and are shown as a yellow cartoon.
(B) Schematic view of the proposed active site as seen in the crystal structure. A sulfate ion is bound to H224 and G229 via hydrogen bonds. H223
points away from the substrate channel, surrounded by helix a1 and the loop between b6 and a4. Given that H224 is the catalytically active residue,
the amide NH of G229 and the dipole momentum of helix 4 might stabilize the tetrahedral anionic intermediate of the condensation reaction.
(C) The ‘‘bridging region’’ extends the N-terminal subdomain’s b sheet and thereby covers the C domain’s active site. This part of the protein exhibits
a high degree of sequence variability. The stretch T456–G460 is highly flexible so that it was only modeled on stereochemical restraints with zero
occupancy. In the distant center there is the sulfate ion next to the active site residue, H224.
(D) The active site’s bottom is constituted by the ‘‘floor loop’’ residues. Selected H bond interactions comprising the conserved residues D228 and
R361 are shown.as a structural surrogate of the sp3 intermediate of the
peptide bond-forming reaction (Figure 7B). In contrast,
the histidine residue of core motif 3 not essential for catal-
ysis, H223, is turned away from the active site canyon and
forms H bonds to D112 (2.95 A˚) and S225 (2.71 A˚).
Previous models of the reaction mechanism of NRPS
condensation domains have suggested that peptide
bond formation involves general acid/base catalysis with
the second histidine of core motif 3, corresponding to788 Structure 15, 781–792, July 2007 ª2007 Elsevier Ltd All rigH224, that acts as the most likely catalytic base (Bergen-
dahl et al., 2002). Given the structure of the TycC6 C
domain, pK values of residues were calculated by using
the H++ server (Bashford and Karplus, 1990; Gordon
et al., 2005). Interestingly, the pK of H224 was calculated
to be 11.8, indicating that this residue is protonated in the
active site under physiological conditions. This contra-
dicts a suggested role as a catalytic base, unless struc-
tural changes upon substrate binding are consideredhts reserved
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along a hinge at S268 or a closure of the active site by
a collapse of the bridge-like region; Figure 7C). Kinetic
studies on the C domain of the first module of TycB
revealed that its condensation activity was similarly abol-
ished in H224V mutants (Stachelhaus et al., 1998; Bergen-
dahl et al., 2002), as described above for the unnatural cy-
clization reaction catalyzed by the TycC6 C domain.
Keating et al. (2002), however, found that the histidine cor-
responding to H224 in the TycC6 C domain is not essential
for the condensation reaction catalyzed by the free-stand-
ing VibH C domain, which accepts a free amine, norsper-
midine, instead of the a-amino thioester peptides used by
the internal C domains of NRPS. Taking into account that
a catalyzed deprotonation of the a-amino group in thio-
ester peptides is not necessary, per se, due to their
already low pK (7) (Anderson and Packer, 1974), H224
might instead serve for the electrostatic stabilization of
the putative, zwitterionic sp3 reaction intermediate. Such
an electrostatic stabilization of the sp3 intermediate, which
would comprise a protonated, secondary amine and an
oxyanion at the carbonyl group (Yang and Drueckham-
mer, 2000), might be augmented by the dipole moment
of helix a4. In the crystal structure (Figure 7B), this helix
points toward the sulfate ion of the active site and forms
a hydrogen bond (2.68 A˚) with the peptide group of its
N-terminal residue, G229.
The high degree of structural and sequence conserva-
tion of the floor loop connecting the two CAT-like subdo-
mains might imply its direct involvement in peptide bond
formation by NRPS C domains (Figures 7D and 5B). Note-
worthy interactions between this region and the similarly
conserved HHxxxDG motif are H bonds from the con-
served aspartate residue, D228, to the main chain amides
of F373 (2.95 A˚) and V374 (3.05 A˚) and a salt bridge to the
conserved arginine, R361 (3.07 A˚). As D228 is not suitably
positioned to interact with the sulfate ion, these inter-
actions formed by D228 are apparently crucial for the
structural integrity of the active site (Keating et al., 2002).
Interestingly, such a suggested lack of importance of
general acid/base catalysis during peptide bond formation
was recently demonstrated for the ribosome (Bieling et al.,
2006). Here, a comparison of the pH activity profiles for the
peptidyltransferase reaction with aminoacyl- and hydroxy-
acyl-tRNA analogs revealed a broad pH independence,
suggesting that proper positioning of substrates and suit-
able electrostatic interactions in the peptidyl transferase
site of ribosomes might be sufficient for catalysis. If this
holds true for ribosomes, one might expect a similar situa-
tion for NRPS C domains: The formation of a tetrahedral
reaction intermediate is predicted to be more favorable
for the aminolysis of thioesters (NRPS: peptidyl-40-Ppan-
PCP) than for oxoesters (ribosomes: peptidyl-tRNA), be-
cause the calculated activation energy differs by about
4.5 kcal/mol (Yang and Drueckhammer, 2000).
Conclusions
Obviously, NRPSs exert a high degree of conformational
freedom to support the assembly-line synthesis of nonri-Structure 15bosomal peptides. Particularly, the PCP domain acts as
a mobile carrier of substrate intermediates between the
adenylation, upstream and downstream condensation
domains as well as other catalytic entities, such as the
epimerization domains. Accordingly, the shown PCP-C
bidomain structure will only correspond to one of the sev-
eral distinct PCP-C domain arrangements; as such, more
structural work on PCP-NRPS domain interactions is
needed.
EXPERIMENTAL PROCEDURES
Reagents and Buffers
All solvents were purchased from Fluka and were of the highest
commercially available purity. Fmoc-protected amino acids were pur-
chased from Novabiochem. All other chemicals were purchased from
Sigma-Aldrich.
Cloning of the TycC5-6 PCP-C Bidomain
The gene encoding the PCP-C bidomain from modules 5 and 6 of
TycC was amplified by PCR from B. brevis (ATTC 8185) genomic
DNA (GenBank entry: O30409) with the primers 50-TAACCATGGTTA
GATCTGAGTATGTAGCGCCGCGC-30 and 50-AAAGGATCCAAGCAT
GTCGATCTCGCCC-30 (restriction sites underlined). The PCR product
was cloned via BamHI and NcoI into a pQE-61 vector—a
derivative of the pQE-60 vector (QIAgen)—resulting in the plasmid
pQE61-PCP-C, which encodes a C-terminally His6-tagged recombi-
nant protein of 540 amino acids. The DNA sequence is identical to
the TycC gene from base G 15,346 to T 16,899. On the protein level,
TycC5-6 PCP-C (here numbered from E5 to L522) corresponds to
the original sequence from residue E 5116 to L 5633.
Quik-change site-directed mutagenesis (Stratagene) of the PCP-C
gene utilized the primers 50-CTCTTTACCGACATGCATGCCAGCATTT
CCGATGGCG-30 and 50-CGCCATCGGAAATGCTGGCATGCATGTCG
GTAAAGAG (H224A), 50-CTCTTTACCGACATGCATGTCAGCATTTTC
CGATGGCG-30 and 50-CGCCATCGGAAATGCTGACATGCATGTCGG
TAAAGAG-30 (H224V), and 50-CTCTTTACCGACATGGCTCACAGCA
TTTTCCGATGGCG-30 and 50-CGCCATCGGAAATGCTGTGAGCCAT
GTCGGTAAAGAG-30 (H223A). The obtained constructs were con-
firmed by dideoxy sequencing.
Overproduction and Purification of the TycC5-6 PCP-C
Bidomain
E. coli M15[pREP4] cells were transformed with pQE61-PCP-C and
grown in LB medium at 37C and 180 rpm to an OD595 of 0.6. The cul-
tures were cooled to 28C and induced with 0.5 mM IPTG. After 4 hr,
cells were harvested and resuspended in buffer A (50 mM HEPES;
25 mM NaCl; pH 7) and then frozen in liquid nitrogen.
Frozen cells were thawed on ice and lysed with a fluidizer (Avestin)
and centrifuged (JA-20; 15,000 rpm; 23 15 min; 4C). The supernatant
was sterile filtered before it was subjected to Ni2+-NTA column purifi-
cation (QIAgen), as described previously (Samel et al., 2006). Size
exclusion chromatography was carried out on a Superdex 200 column
(GE Healthcare). The protein eluted at an apparent mass of 67 kDa,
indicating its monomeric state. Fractions were pooled and concen-
trated to 12 mg/ml and frozen in liquid nitrogen.
Expression of the SeMet-Labeled TycC5-6 PCP-C Bidomain
Cells were incubated in M9 minimal medium, which was supple-
mented with 15 mM ferrous sulfate (FeSO4), at 30
C and 180 rpm. At
an OD595 of 0.9, amino acids were added; 15 min later, L-selenome-
thionine was added; another 15 min later, expression was induced
by IPTG at a final concentration of 0.5 mM. The expression was
stopped after 5 h by harvesting, resuspending, and freezing the cells
in liquid nitrogen., 781–792, July 2007 ª2007 Elsevier Ltd All rights reserved 789
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Data Collection Statistics
Dataset Cell
Resolution
(A˚)
Measured,
Unique
Reflections Rmerge
a I/s (I) Completeness
Native
(l = 0.808 A˚)
a = b = 84.97 A˚,
c = 164.97 A˚
20–1.85 261739, 51834 0.043 (0.582) 20.9 (2.2) 0.989 (1.000)
SeMet
(l1 = 0.9777 A˚)
a = b = 85.09 A˚,
c = 164.76 A˚
25–2.50 90992, 21485 0.066 (0.234) 18.1 (5.1) 0.979 (0.990)
SeMet
(l2 = 0.9780 A˚)
a = b = 85.05 A˚,
c = 164.69 A˚
25–2.50 90919, 21484 0.050 (0.247) 18.0 (4.9) 0.980 (0.992)
SeMet
(l3 = 0.9774 A˚)
a = b = 85.17 A˚,
c = 164.91 A˚
25–2.50 90144, 21555 0.060 (0.250) 17.9 (4.8) 0.979 (0.990)
Refinement Statistics
Dataset Resolution
Reflections
(F > 0)
R Value,
Rfree(%)
a
No. of Protein
Atoms, Waters,
Ions and
Heterogens
Rmsd
Bonds (A˚)
Rmsd Bond
Angles,
Dihedral
Angles ()
Native 19.8–1.85 49809 20.8 (26.4),
23.8 (29.7)
4160, 294, 1, 22 0.006 1.094
a Values in parentheses correspond to the highest resolution shell.Synthesis of Peptidyl-Thioesters
CoA peptides were synthesized by automated solid-phase peptide
synthesis in 0.1 mmol scale with an Advanced ChemTech APEX 396
synthesizer; 2-chlorotrityl resin (IRIS biotech) and a standard Fmoc
coupling strategy were used as described previously (Belshaw et al.,
1999). The crude product was preciptitated from 30 ml cold diethy-
lether and subjected to preparative reverse-phase chromatography
(Agilent-HPLC, C18-column from Macherey-Nagel, linear gradient be-
tween 5% and 95% MeCN in water [all containing 0.1 % TFA] within
40 min). Automated fraction collection was triggered by UV absorption
at 215 nm. The desired fractions were identified by MALDI-TOF, dried
in vacuo, and dissolved in assay buffer (50 mM HEPES, 100 mM NaCl,
pH 7.0) to a concentration of 5 mM. Purity was verified by LCMS.
TycC5-6 PCP-C Bidomain Peptide Cyclization Assays
All stock solutions used in the assays were prepared in assay buffer
containing 50 mM HEPES and 100 mM NaCl at pH 7.0. Apo-TycC5-
6 PCP-C (75 mM) was incubated with 2 mM Sfp in the presence of
10 mM MgCl2 and 125 mM peptidyl-CoA in a total volume of 50 ml at
25C for 2 hr. Reactions were stopped by adding 20 ml of 4% TFA,
and subjected to LCMS analysis (C18 column (Macherey-Nagel), linear
gradient from 10% to 60% MeCN (all containing 0.1 % TFA) within
40 min. Compounds were identified by their UV signals (210 nm) and
the corresponding masses (ESI).
The connectivity of the cyclic hexapeptide cP1 DPhe-Pro-Phe-
DPhe-Asn-Gln (measured MW for cP1-H+, 781.3664 Da; calculated
MW, 781.3673 Da) was elucidated by MS-MS analysis with an API
Qstar Pulsar I Q-q-TOF mass spectrometer (Applied Biosystems).
Crystallization of the TycC5-6 PCP-C Bidomain
Initial crystallization screens were performed at 19C with a Cartesian
Microsys 4004 crystallization robot. Crystals were identified from one
condition (1.6 M (NH4)2SO4; 0.1 M MES, pH 6.5; 10% dioxane). Crys-
tals suitable for crystallographic analysis were obtained within 3 days
from hanging drop setups (Hampton Research) with a protein concen-
tration of 7.5 mg/ml and a reservoir solution containing 1.6 M ammo-
nium sulfate, 0.04 M MES (pH 6.5), and 4% dioxane.
SeMet-labeled PCP-C was purified as described above, with the
only difference being that the gel filtration was carried out in the pres-790 Structure 15, 781–792, July 2007 ª2007 Elsevier Ltd All rence of 1.5 mM DTT. The optimum crystallization condition for the
SeMet derivative varied slightly from that of native PCP-C (1.6 M
(NH4)2SO4; 0.15 M MES, pH 6.2; 4% dioxane).
Data Collection and Structure Determination
The TycC5-6-PCP-C crystals were flash frozen in 1.6 M ammonium
sulfate, 0.04 M MES (pH 6.5), 4% dioxane, 15% glycerol as cryopro-
tection buffer, and X-ray data were collected at 100K. Diffraction
data of native and SeMet crystals were collected at beamline BW7A,
EMBL, Hamburg, Germany. The diffraction data were indexed and
integrated with DENZO (HKL Research) in space group P43212 (a =
b = 84.97 A˚, c = 164.97 A˚). The crystals have a calculated solvent con-
tent of 42.5% and comprise one monomer per asymmetric unit. The
use of MAD data of the SeMet-labeled PCP-C crystals structure solu-
tion succeeded at 2.5 A˚ resolution with the Auto-RICKSHAW pipeline
(Panjikar et al., 2005), identifying 13 of 15 selenium atom positions
by SHELX and yielding interpretable electron density after solvent
flattening by DM (CCP4, 1994) (Table 2). A first molecular model was
constructed by ARP6.1 (Perrakis et al., 2001) and manually completed
with COOT (Emsley and Cowtan, 2004). The resulting model was
further refined by the program REFMAC5 (CCP4, 1994) until the refine-
ment converged at an R factor/Rfree of 20.8%/23.8% (Table 2).
Sequence Comparison and Theoretical Analysis
of NRPS C Domains
A structure-based multiple sequence alignment was carried out in the
absence of crystallographically determined ion positions with the pro-
gram 3DCOFFEE (Notredame et al., 2000; O’Sullivan et al., 2004). At
first, the TycC6 C domain was structurally aligned with the known
structure of VibH by using the SAP routine (Taylor and Orengo, 1989)
and subsequently compared to 103 other C domains, 13 bifunctional
C/E domains, and 23 E domains.
The calculation of the pK values of (de)protonable residues in PCP-C
and VibH used the quasimacroscopic model for electrostatics as
implemented in MEAD (Bashford and Karplus, 1990) and interfaced
via the H++ server (i.e., no explicit counter ions or water molecules
were included). In short, a continuous bulk solvent region is assumed
with a salinity of 0.15 M (Gordon et al., 2005). The external (internal)
dielectricity constant is set to 80 (6). The electrostatic calculationsights reserved
Structure
Structural Analysis of a PCP-C Bidomain from NRPSutilized the Poisson-Boltzmann model and AMBER parametrization for
the molecular model. As the TycC5 PCP domain is 23 A˚ away from
H224 in the active center of the TycC6 C domain, pKa values calculated
for active site residues differed by less than 0.1 units in the presence or
absence of the PCP domain.
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